We have investigated the preparation and electrochemical characteristics of a lithium excess Li 4.3 Ti 5 O 12 carbon composite (Li 4.3 Ti 5 O 12 /C) with different carbon sources (polyacryl acid, polyvinyl alcohol, and carboxy methyl cellulose sodium). We have prepared the lithium excess Li 4.3 Ti 5 O 12 /C by a spray-drying method followed by calcining at 800°C in a nitrogen atmosphere. The TEM observations indicated that the surface of the Li 4.3 Ti 5 O 12 /C particle was clearly covered with an amorphous carbon layer. The Li 4.3 Ti 5 O 12 /C materials employing polyvinyl alcohol as the carbon source showed the best rate performance with the highest discharge capacity of 117 mAh (g-Li 4.3 Ti 5 O 12 /C) −1 at the 10C rate.
Introduction
The spinel-type Li 4 Ti 5 O 12 (LTO) has been widely investigated as an alternative material to graphite which is conventionally used as a negative electrode material for lithium-ion batteries (LiBs). Compared to graphite (0.085 V vs. Li/Li + ), LTO shows a higher operating potential (1.55 V vs. Li/Li + ). 1, 2 At this operating potential, lithium metal cannot be deposited. Additionally, LTO does not need a solid electrolyte interface film with a low thermal stability to exhibit a stable charge-discharge performance. Furthermore, the LTO volume change is very low during the chargedischarge cyclings, 3 thus LTO shows an excellent cycling performance. As described above, LTO is a much safer electrode material and is the most attractive negative electrode material for large-scale applications, such as the energy sources of an electric vehicle and power storage system. LTO has mainly been synthesized by a conventional solid-state reaction. It generally requires a prolonged heating time at high temperature to obtain the single phase. Furthermore, impurity phases are easily contained in the LTO product due to the nonhomogeneous reaction of the starting materials. 4 In order to overcome this disadvantage, the synthesis of the LTO materials by sol-gel, 5 spray pyolysis, 6 and hydrothermal 7 methods have been reported. Recently, we have successfully obtained single phase lithium excess Li 4+x Ti 5¹x O 12¹¤ (x = 0.060.08, ¤ = 0.110.13) materials using a spray-drying method. 8 Such single phase material formed at the starting Li/Ti ratio of 0.860 and calcination temperatures of 800°C showed the higher capacity of 166 mAh (g-Li 4+x Ti 5¹x O 12¹¤ )
¹1 along with an excellent cyclability and superior rate capability. 8 Its poor electronic conductivity (<10 ¹13 S cm
¹1
) limits the charge-discharge rate 9 although LTO has the advantage of safety. To overcome the low electric conductivity of LTO, many effective approaches have been introduced, including conductive material (such as Ag, 10 carbon, 11 etc.) composites. It is reported that the electrode performance depends on the carbon source.
11 Nevertheless, few papers concerning the relation between the carbon source and electrode performance have been reported.
In this study, in order to improve the electrochemical characteristics of LTO, we have prepared the lithium excess carbon composite LTO material (Li 4.3 Ti 5 O 12 /C) using various carbon sources by a spray-drying method. Furthermore, the electrochemical characteristics of the LTO including charge-discharge cycling tests were examined as the negative electrode material for the LiBs.
Experimental
The lithium excess Li 4.3 Ti 5 O 12 was prepared by a spray-drying method in a way similar to that previously reported. 8 mol) dissolved in ethanol (Wako Pure Chemical Industries, 99.5%, 20 ml) were added to the aqueous solutions consisting of (COOH) 2 · 2H 2 O (Wako Pure Chemical Industries, 99.5%, 2.0 © 10 ¹1 mol) in distilled water (400 ml). The solutions were stirred at 80°C for 3 h, and then spray-dried using a spray dryer (Tokyo Rikakikai Co., Ltd., SD-1000) to obtain the Li 4.3 Ti 5 O 12 precursor. For the synthesis of the Li 4.3 Ti 5 O 12 /C materials, the carbon sources, such as carboxy methyl cellulose sodium (CMC-Na, 10 wt%, 2.40 g), poly acryl acid (PAA, Wako Pure Chemical Industries, Ltd.; average molecular weight, 5,000, 10 wt%, 2.04 g), and polyvinyl alcohol (PVA, Kanto Chemical Co., polymerization abt 2000, 10 wt%, 1.87 g), were added to the aqueous solutions consisting of Li 2 CO 3 , Ti[OCH(CH 3 ) 2 ] 4 , and (COOH) 2 ·2H 2 O. The solutions were stirred at room temperature for 3 h, and then spray-dried using a spray dryer to obtain the Li 4. 1 However, a small amount of Na 0.23 TiO 2 was contained in the Li 4.3 Ti 5 O 12 /C material using CMC-Na as the carbon source. Thus, it was found that a single LTO phase was formed when employing PVA and PAA as the carbon source. Figure 2 shows the TEM images of the prepared Li 5 O 12 /C material with a smooth amorphous carbon layer. However, there are some possibilities that the amorphous carbon layer made from PVA has a porous structure. The further study concerning the residual carbons is necessary. Figure 3 shows the initial charge-discharge curves of the prepared Li 4 Electrochemistry, 80(10), 759761 (2012) 
